The object of this study was to correlate the laminae of articular cartilage on magnetic resonance (MR) imaging with histologic layers. T1-and fast spin-echo T2-weighted images of articular cartilage with artificial landmarks were obtained under high gradient echo strength (25 mT/m) conditions and a voxel size of 78 ؋ 156 ؋ 2000 m. Images were also obtained with a) changed frequency-encoding directions; b) changed readout gradient strength; and c) a varied number of phase-encoding steps. T2 mapping was performed with angular variations. Artificial landmarks allowed accurate comparison between the laminae on MR images and the histologic zones. No alterations of the laminae were noted by changing the frequency gradient direction. Altering readout gradient strengths did not show a difference in the thickness of the laminae, and increasing the phase-encoding steps resulted in a more distinct laminated appearance, ruling out chemical shift, susceptibility, and truncation artifacts. The T2 mapping profile showed an anisotropic angular dependency from the magic angle effect. In conclusion, the laminated appearance of articular cartilage on spin-echo and fast spin-echo MR images correlated with the histologic zones rather than MR artifacts.
Index terms: articular cartilage; magnetic resonance; magnetic resonance artifact THE ARTICULAR CARTILAGE is subdivided histologically into superficial tangential, transitional, radial, and calcified cartilage zones according to the configuration of chondrocytes and collagen fibers. The long axis of the chondrocytes and the orientation of the collagen fibers are parallel to the articular surface at the superficial tangential layer and gradually reorient perpendicular to the articular surface at the radial zone (1) . Recent advances in MR imaging techniques and the development of higher gradient hardware systems, even in clinical MR machinery, have made high-resolution imaging of such layers of the cartilage possible.
Accordingly, many reports on the MR imaging appearance of the articular cartilage and its correlation with the histologic zones are available. However, because of the lack of a definite landmark that would provide exact comparison between the histologic specimen and the MR image, the results differ (2) (3) (4) (5) (6) . Moreover, conflicting reports suggest that the laminae visible on the images are due to MR artifacts and are not actual histologic layers (3, 7, 8) .
The purpose of this study was to demonstrate the correlation of the laminated MR imaging appearance and histologic layers of articular cartilage by using artificial landmarks and also to rule out the possibility of MR artifacts.
MATERIALS AND METHODS

MR Imaging
Five V-shaped linear landmarks of different depths were artificially made parallel to the surface of bovine patella cartilage using a carving knife. The cartilage-bone block specimens were submerged in normal saline for 24 hours prior to imaging. All MR imaging was performed using a 1.5 T (Horizon, Echo speed, General Electric, Milwaukee, WI) system with a 3 inch surface coil. Before prescribing the MR sequences, the exact imaging plane was marked for an exact correlation with the histologic section. The imaging planes were perpendicular to the artificial linear landmarks. Common imaging parameters were as follows: field of view (FOV) 4 ϫ 4 cm; matrix size 512 ϫ 256 (display matrix size 512 ϫ 512); slice thickness 2 mm; and number of excitations (NEX) 20. Both T1-weighted (TR/TE 300/14 msec) and fast spinecho (FSE) T2-weighted (TR/TE 2000/53 msec) images were obtained after the specimen was placed with the surface parallel to the main magnetic field.
Imaging with changed frequency directions was performed on the T1-weighted study. On the T2-weighted study, supplemental images were obtained with the readout gradient doubled and halved. These parameters were controlled in the research mode (software version 5.3.4) .
In a separate T2-weighted experiment with a different bovine patella specimen, five images were obtained with the phase-encoding step sequentially reduced from 256 to 128 in steps of 32. Other imaging parameters were identical to the above experiment.
With a third bovine patella specimen, we used an 8-echo spin-echo sequence modified by the authors from conventional multi-echo sequences to obtain the T2 values of the cartilage. T2 mapping was performed at 0°, 30°, 60°, and 90°angulation with the main magnetic field (B o ). Imaging parameters were as follows: FOV 8 ϫ 4 cm; matrix size 512 ϫ 256; slice thickness 2 mm; and NEX 20. TR was 2000 msec, and TE was varied, ranging from 15 to 120 msec in steps of 15 msec. Artificial landmarks were not made for the two specimens with sequentially reduced phase-encoding steps and T2 mapping.
Post-Processing
All image data (raw data) were transferred, displayed, analyzed, and post-processed in a Macintosh computer (Apple Computer, Cupertino, CA) using NIH IMAGE, a public-domain software package (version 1.62). The signal intensity (SI) profile from the surface of the cartilage to the bone marrow was measured twice, and the average value was used.
The images obtained with doubled and halved readout gradients were equally rescaled along the y-axis. A subtraction image of the rescaled images was obtained to compare the thickness of the laminae. A parametric T2 map of the cartilage was reconstructed on a pixel-bypixel basis, using a linear square fit algorithm (9) . The T2 map image was color encoded, and its value from the surface of the cartilage to the bone marrow was plotted.
Histologic Studies
After MR imaging, the corresponding sections of the specimen were fixed in formalin and then decalcified for 2-3 days. Hematoxylin & eosin, trichrome, Alcian blue, and Safranin O staining were performed for all sections. Light and polarized microscopic findings of the histologic specimen and the MR imaging findings were studied with the artificial landmarks as reference points in comparing the layers. 
RESULTS
Laminated MR appearances of the articular cartilage were observed on MR images of both pulse sequences; these are clearly disclosed by the SI profile (Figs. 1, 2). On T1-weighted study, a high SI superficial layer with a gradually decreasing middle layer and an alternating band of low and intermediate SI in the deeper layer were noted. On T2-weighted study, the cartilage showed high and low SI layers with a second peak at a relatively superficial location (double peak) and SI gradually decreasing with depth ( Fig. 2) . Table 1 summarizes the MR imaging and histologic correlation results of the bovine T1-and T2-weighted images, respectively. The tangential and transitional zones on histologic specimens with a horizontal and mixed oblique orientation of the chondrocytes and collagen fibers corresponding to the fourth deepest landmark showed superficial high and superficial high and low SI on T1-and T2-weighted images, respectively. The upper radial zone with radial orientation of the chondrocytes and collagen fibers showed intermediate SI on T1-weighted image and high SI on T2-weighted image. At the histologic lower radial zone, well-defined low and intermediate SI bands were noted on the T1-weighted image just below the deepest landmark and above the tidemark zone. The calcified cartilage layer showed low SI on both pulse sequences ( Figs. 1-3) .
SI profiles below the tip of each artificial landmark tended to show similar patterns, with slight variations. Changing the frequency and phase-encoding direction on the T1-weighted sequence did not alter the laminated appearance ( Fig. 1 ).
Supplemental studies of T2-weighted images with altered readout gradients that were equally rescaled along the y-axis showed no difference in the thickness of the laminae (Fig. 4) .
By decreasing the phase-encoding steps from 256 to 128 in steps of 32 on the T2-weighted sequence, the laminated appearance became less distinct, as is noted on the plotted graph ( Fig. 5 ). No evidence of exaggeration of the laminated SI (peaks of SI) is noted with decreases in the phase-encoding steps.
T2 mapping of the bovine patella cartilage showed a double peaked appearance with a gradual decrease in between on the 0°, 30°, and 90°studies. The superficial peak showed a T2 value of 59.7 msec on the surface of the cartilage and a gradual decrease, with another peak having a T2 value of 97.1 msec at a lower layer on the 0°i mage. However, the 60°study showed a third peak between the first two peaks ( Fig. 6 ).
DISCUSSION
The usefulness of MR imaging in the evaluation of articular cartilage in such disorders as chondromalacia (10), osteoarthritis (11), osteochondritis (12, 13) , and hemophilic and rheumatoid arthritis (14, 15) is well established. Since the surface of the articular cartilage is avascular, repair of lesions localized to the cartilage surface by chondrocytes is very limited, but lesions reaching the subchondral plate are healed with fibrocartilaginous tissues such as vascularized tissues. Therefore, the depth of a lesion involving articular cartilage is important in making therapeutic decisions (16) . Recently, high-resolution imaging using delicate hardware and imaging techniques for clinical MR machinery has raised more hope for a highly accurate diagnostic method for such cartilaginous lesions.
Modl et al (3) observed a trilamina appearance of human knees and ankles on T2-weighted image and correlated the laminae with the histologic zones using a thickness-percentage method as follows: the superficial lamina of low SI corresponded roughly to the tangential zone; the middle lamina of high SI corresponded to the (6) explained the trilamina appearance of bovine knees on T1-weighted images on the basis of the magic angle effect from different orientations of collagen fibers with respect to the static magnetic field. This resulted in anisotropic T2 in each histologic zone and gave a laminae correlation as follows: the superficial high SI corresponded to the tangential, transitional, and upper radial zone; the middle low SI corresponded to the bulk of the radial zone; and the deep intermediate SI lamina corresponded to the lower radial zone.
Many reasons for the varying SI of each lamina on MR images have been suggested, including differences in water content, differences in proteoglycan content (4), the magic angle effect of collagen fibers (6, 17) , and MR artifacts such as susceptibility, chemical shift, and truncation artifacts (8) .
Chemical shift and susceptibility artifacts as a cause of the laminae in some of the images were a concern in this study. Chemical shift and susceptibility artifacts are most prominent when the laminae on images are perpendicular to the direction of the frequency-encod-ing gradient. However in our study, the laminae of the cartilage obtained after exchanging frequency-and phase-encoding directions on T1-weighted study showed little accentuation or alterations on the MR images, although fat in the marrow showed noticeable shifting according to the frequency-encoding directions (Fig. 1) .
Another method we used to rule out susceptibility artifact was acquiring supplemental images with doubled and halved readout gradients (18) . The following equation shows that the distance in shifting from susceptibility artifact is inversely proportional to the readout gradient:
where Z ϭ distance of shift, X ϭ susceptibility difference between laminae, B o ϭ magnetic field strength, and Gx ϭ readout gradient.
If the laminae of the cartilage were from susceptibility artifacts, the thickness of the cartilage on equally rescaled images should show a fourfold difference between the doubled and halved readout gradient images. However, no definite difference in the thickness of the laminae was noted, and the laminae were almost can- celled out on the subtraction images, ruling out the possibility of susceptibility artifacts (Fig. 4) .
Truncation artifacts as a cause of the laminated appearance of articular cartilage using fat-suppressed three-dimensional spoiled gradient-recalled sequences have been suggested (8) . Truncation artifacts occur at surfaces with a large SI difference due to inadequate sampling. If the laminae in our study were from truncation artifacts, the SI profile (laminae) would have shown a shift on the plotted diagram. However, the laminae did not show any shifting on the plotted diagram. Also, they showed a more distinct laminated appearance as the phase-encoding steps increased, thereby ruling out truncation artifacts as the cause of the laminated appearance on fast spin-echo images (Fig. 5) .
On the 0°, 30°, and 90°T2 mapping study, a gradual decrease from a superficial peak in T2 value was noted from the superficial surface to the subchondral bone layer, with another peak in the deeper layer. This double peak with a gradual decrease in between pattern in T2 values corresponds to the fact that the concentration of water gradually decreases inward (19) . Moreover, the T2 mapping of the 60°study showed a third peak between the first two peaks, indicating angular anisotropy of water molecules along the collagen fibers (Fig. 6) . The results of our study agree with prior studies noting that the magic angle effect is most prominent when the angle between the collagen fibers and B o is 55°. The SI profile of the T2-weighted image with a 512 ϫ 256 matrix from the study with varied phase-encoding steps showed a similar pattern with the plotted T2 map at 0°angulation, indicating the importance of water content in the laminated appearance of the articular cartilage (Figs. 5,  6 ). However, the plotted graph was not so similar in the fast spin-echo T2-weighted study with a different specimen, even though there was a double peaked appearance at a more superficial location (Fig. 2) . This may be the result of specimen-to-specimen dependent differences in the structural organization of cartilage tissue according to its maturity (20) . The use of a fast spin- Our depth-related landmarks indicated the histologic layers directly, without influence from artifacts or misregistration of SI. However, correlation of the laminae on MR images with histologic layers was limited because there was no clear-cut border between the four histologic layers. The authors tried to overcome this limitation by using four different staining methods and polarized microscopy. Besides H&E, special stains such as trichrome were used for collagen-specific staining. Cationic dyes such as Alcian blue and Safranin O were used for the evaluation of proteoglycan components in the articular cartilage (21, 22) . (Each of these proteoglycan molecules is composed of a central protein core to which glycosaminoglycan chains are covalently bound.) The staining methods that best correlated the histologic layers with the laminae on MR images from chondrocyte morphology and orientation of collagen fibers or the matrix components were selected for comparison. A distinct linear low and intermediate SI band was noted below the deepest landmark at the histologic lower radial zone on the T1-weighted study; this band correlated with a distinct intensely staining layer on repeated Alcian blue and Safranin O stains, distant from the tidemark zone (Fig. 3) . The collagen-specific trichrome stain also showed a deeper stain in the deeper layers, although not as distinct as the proteoglycan-specific stains. This can only be explained by the fact that the concentration of proteoglycans and collagen in the matrix of the cartilage increases from the articular surface inward in terms of depth from the surface of the articular cartilage (1). However, to our knowledge, there are no references in the literature showing such a distinct layered difference in the distribution of proteoglycans, or any other components of the articular cartilage. Proteoglycans in the cartilage show their highest concentration around the immediate vicinity of chondrocytes designated the territorial matrix. The interterrito-rial matrix between cells and cell clusters shows a lower concentration of proteoglycans (1) .
In mammals, about 90-95% of the collagen of normal articular cartilage consists of type II collagen; the remaining portion consists of type V, IX, X, and XI Plotted graph of T2 values using four angles from the superficial to the deeper layers of the cartilage. Note the double peak (short arrows), with a gradual decrease in between, and a third peak (long arrow) in between the first two peaks on the 60°study. The T2 values are in milliseconds.
collagens. Type II collagen provides a fibrillar network for the cartilage matrix and plays a major role in magnetization transfer contrast (23) .
Slight baseline shifts of SI were noted between the original SI profile adjacent to the landmark and SI profile below the tip of the landmarks, as well as in the study with varied phase-encoding gradients. This is most likely from an inborn error of MR signal acquisition, of which the authors are currently unaware. The heat produced by carving out the artificial landmarks or differences in texture of cartilage, smooth at intact surfaces and irregular at carved out surfaces, may have altered the water diffusion capabilities in the immediate vicinities of the landmark and may also be responsible for the slight baseline shifts of SI measured below the tip of the landmarks.
The difference in the number of pixels from the surface of the cartilage to the calcified cartilage on the SI profiles, which varied roughly from 18 on the T2 map study and 32 on the T1-and T2-weighted studies, is most likely from differences in pixel size-156 ϫ 156 µm (8 ϫ 4 cm FOV, 512 ϫ 256 matrix) and 78 ϫ 156 µm (4 ϫ 4 cm FOV, 512 ϫ 256 matrix), respectively-and also from influences of differences in cartilage specimens.
One of the weaknesses of this study was that a fast spin-echo T2-weighted sequence was used for the sake of a shorter imaging time instead of a conventional T2-weighted spin-echo sequence. The limitations of a 1.5 T system for high-resolution and high signal-tonoise ratio imaging restricted visualization of the lamina splendens, a thin lamina devoid of collagen fibers (24) . However, the sequences that were used in this study on a 1.5 T system could be potentially optimized and applied in high-resolution imaging in in vivo clinical settings.
In conclusion, the laminae of different SI were correlated with the histologic zones using artificial landmarks. We suggest that water content, represented by T2 value differences, as well as the amount of proteoglycan and collagen, contributes to the laminated appearance. Susceptibility, chemical shift, and truncation artifacts were ruled out as the cause of laminae on spin-echo and fast spin-echo MR images.
